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Plant viruses, in particular Tobacco mosaic virus (TMV), are model systems to study RNA and protein trafficking in plants. Although
TMV cell-to-cell transport controlled by the 30-kDa movement protein (MP) has been intensively studied, it was only recently demonstrated
that the 126/183-kDa replicase proteins are also involved in cell-to-cell movement. Elucidating the role(s) of 126/183-kDa proteins in
movement is complicated because these proteins have multiple functions associated with replication and gene expression. To overcome these
difficulties we developed a TMV helper virus-defective RNA (dRNA) system to study the role of replicase protein sequences in dRNA cell-
to-cell movement. Artificially constructed dRNAs lacking sequences encoding the helicase and polymerase domains of the replicase proteins
and portions of the MP were viable in protoplasts and plants in the presence of helper virus. Expression of at least ¨50% of the methyl
transferase (MT) domain was required for efficient dRNA movement in Nicotiana benthamiana. dRNAs that encoded the N-terminal 64
replicase amino acids or lacked a translatable MT domain failed to move or moved poorly. TMV dRNAs expressing 258 amino acids of the
replicase protein moved into all specialized non-vascular tissues, whereas dRNAs expressing replicase sequences beyond amino acid 258
were restricted to the epidermis and palisade mesophyll tissues. Furthermore, second-site mutations within the dRNA-encoded truncated
replicase protein altered efficiency in dRNA cell-to-cell movement.
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Plants process information through directed trafficking of
information-rich signals including RNA, ribonucleoprotein
complexes, and proteins. Transport of information has
important roles in plant development, physiology, and
defense against pathogens. Transport of selected gene
products and RNAs is likely an integral part of global gene
regulation in plants, fungi, and animals. Molecular inter-
actions associated with movement of signal molecules are0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.06.032
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nology, 9 Innovation Way, Suite 200, Newark, DE 19711, USA.complex; thus, they present major barriers for understanding
of the underlying mechanisms. Viruses establish infections
in plants using preexisting endogenous cellular pathways by
complying with the regulatory movement mechanisms
imposed by the host. Therefore, plant viruses are invaluable
tools for dissection of requirements and interactions in
RNA/protein movement throughout plants.
Tobacco mosaic virus (TMV), the type member of the
genus Tobamovirus, is a model to analyze the cellular
pathways and characterize the molecular determinants
essential for endogenous and viral protein/RNA transport
in plants (reviewed by Citovsky, 1999; Tzfira et al., 2000;
Waigmann et al., 2004). TMV is a (+)RNA virus with a
monopartite genome 6395 nucleotides (nts) in length
(Goelet et al., 1982) that encodes four major proteins. The
126- and 183-kDa replicase proteins are translated from the005) 47 – 58
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the latter by occasional readthrough of the amber stop codon
for the 126-kDa protein (Pelham, 1978). The 30-kDa
movement protein (MP) and coat protein (CP) are expressed
via individual 3V co-terminal subgenomic (sg) RNAs from
the 3V-proximal ORFs. Whereas the MP and the CP are
dispensable, the 126- and the 183-kDa replicase proteins are
required for efficient replication in protoplasts (Ishikawa et
al., 1991; Lewandowski and Dawson, 2000; Meshi et al.,
1987). The MP is essential for cell-to-cell and long-distance
movement of TMV in all hosts (Deom et al., 1992; Meshi et
al., 1987). In contrast, the CP is dispensable for both forms
of movement in Nicotiana benthamiana, but is required for
long-distance movement in some hosts, such as tobacco and
pepper (Dawson et al., 1988; Knapp et al., 2001; Wolf et al.,
1989). The TMV MP binds to nucleic acids in vitro
(Citovsky et al., 1990, 1992) and moves from cell to cell
transiently increasing the size exclusion limit of plasmo-
desmata (Waigmann et al., 1994), the cytoplasmic channels
that connect plant cells providing a pathway for regulated
RNA/protein transport. Thus, TMV is proposed to move cell
to cell as an MP/RNA complex (Heinlein, 2002; Tzfira
et al., 2000; Waigmann et al., 2004).
Hirashima and Watanabe (2001, 2003) demonstrated that
the TMV replicase proteins are involved in cell-to-cell
movement, which adds an additional layer of complexity to
the process of cell-to-cell movement mechanisms. The
TMV replicase proteins contain conserved functional
domains common among diverse groups of viruses (Ahl-
quist et al., 1985; Kadare´ and Haenni, 1997; Koonin and
Dolja, 1993; Merits et al., 1999; O’Reilly and Kao, 1998;
Rozanov et al., 1992). Both the 126- and 183-kDa proteins
contain the methyl transferase (MT) and helicase-like (HEL)
domains, whereas the readthrough portion of the 183-kDa
protein contains the polymerase (POL) domain. Modifica-
tion of these multi-functional proteins have often resulted in
loss of viability (Buck, 1996; dos Reis Figueira et al., 2002;
Goregaoker et al., 2001; Lewandowski and Dawson, 2000;
Osman and Buck, 2003) complicating studies on their
potential role(s) in TMV cell-to-cell movement. To
circumvent such problems, we established a TMV helper
virus-defective RNA (dRNA) system to monitor dRNA
movement.
dRNAs arise naturally through deletion of internal
sequences from a viral genome, rendering the dRNAs
incapable of autonomous replication and/or movement
(Graves et al., 1996; Holland, 1990; Lai, 1992; Rubio et
al., 2002; White and Morris, 1999). Thus, dRNAs are
dependent upon the helper virus for trans-acting factors for
replication and/or movement. Yet, dRNAs must contain cis-
acting signals for interaction with the replication complex
and may additionally require translation or expression of
certain sequences in cis to be propagated efficiently by
helper viruses.
TMV has not been reported to be associated with dRNAs
in nature. However, the artificially constructed TMV mutant183F, which does not express the 126-kDa protein due to
replacement of the amber stop codon with a Phe codon
(Lewandowski and Dawson, 2000), reverted and formed
dRNAs de novo in plants (Knapp and Lewandowski, 2001;
Knapp et al., 2001). Each of the de novo dRNAs
characterized contained a stop codon near the position of
the stop codon for the wild-type 126-kDa protein ORF
(Knapp and Lewandowski, 2001; Knapp et al., 2001)
suggesting that there was selection in planta for dRNAs
that expressed the 126-kDa protein. Artificially engineered
TMV dRNAs with deletions of the entire HEL and POL
domains and portions of the MP replicated in protoplasts but
did not accumulate in plants (Knapp et al., 2001; Lew-
andowski and Dawson, 1998, 2000). These dRNA required
encapsidation for accumulation in plants and a specific
helper virus (Knapp and Lewandowski, in preparation),
which were significant findings that established the system
to examine modified TMV dRNAs in planta.
In the present study, we modified an efficiently replicated
dRNA to dissect the role of replicase sequences required for
dRNA cell-to-cell movement. We show that dRNAs that
express up to 64 amino acids of the TMV replicase had an
impaired ability to move in N. benthamiana plants. dRNAs
that express at least 258 amino acids of the replicase were
replicated efficiently and moved into all specialized non-
vascular tissues. However, expression of replicase sequences
beyond amino acid 258 restricted dRNA movement to the
epidermis and palisade mesophyll tissues of inoculated
leaves. Furthermore, some dRNAs acquired second-site
mutations that affected replication and cell-to-cell movement.Results
Expression of the N-terminal MT replicase domain is
required for efficient dRNA accumulation in protoplasts
Tobamovirus dRNAs encoding various lengths of repli-
case sequences differed tremendously in levels of accumu-
lation in protoplasts and plants (Knapp et al., 2001;
Lewandowski and Dawson, 1998, 2000; Ogawa et al.,
1991, 1992; Raffo and Dawson, 1991). Rozanov et al. (1992)
aligned the core domain for the TMV MT domain between
amino acids 72 and 281. A more comprehensive alignment
of viral methyl transferases (accession no. PF01660; http://
pfam.wustl.edu) within the Pfam database (Bateman et al.,
2004) extends the TMV MT domain to amino acids 42–
467. The most efficiently replicated TMV dRNAs encoded
most of the MT domain (Knapp et al., 2001; Lewandowski
and Dawson, 1998).
To determine the role of dRNA sequences encoding the
N-terminal MT domain on accumulation and movement of
efficiently replicated dRNAs, we made derivatives of
DCla151 (Knapp et al., 2001; Fig. 1A) that encoded smaller
portions of replicase protein but were otherwise almost
identical in sequence. DCla151 has an internal deletion of
Fig. 1. Accumulation of TMV dRNAs in protoplasts and plants. (A) Genome organization of TMV mutant helper virus S3–28 and artificially constructed
dRNAs that were derived from DCla151 (Knapp et al., 2001). The number of N-terminal replicase amino acid residues is indicated within the boxes. Solid
boxes, predicted out-of-frame translational fusion to the truncated replicase protein; lines, non-translatable sequences; gaps, deleted sequences; MT, methyl
transferase domain; HEL, helicase-like domain; POL, polymerase domain; MP, movement protein; CP, coat protein; OA, origin of assembly. (B) Representative
Northern blot of total RNA extracted 24 h p.i. from tobacco suspension cell protoplasts transfected with helper virus S3–28 alone or in combination with the
indicated dRNA. Blots were hybridized with a riboprobe complementary to TMV 3V-UTR (nts 6202–6395) (Lewandowski and Dawson, 1998). Positions of
helper virus (S3–28) and dRNA genomic RNAs and MP and CP sg RNAs are indicated. Inset box is a lighter exposure of the dRNA-specific bands. (C–E)
Accumulation of TMV dRNAs in N. benthamiana plants inoculated with protoplast lysates infected with S3–28 alone or S3–28 in combination with the
indicated dRNA. Total RNA extracted from inoculated leaves 7 days p.i. was analyzed in Northern blot hybridization as described above except that a
riboprobe complementary to TMV nts 1–256 was used. (C and D) AvrstopCla151, which accumulated only in a single inoculated plant, is shown (C, first
lane). (E) Representative accumulation of DHinc151 derivatives.
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425 amino acids of the 126/183-kDa proteins (encoding
90% of the MT domain), plus 34 non-viral amino acids
derived from an out-of-frame junction with MP sequences.
DCla151 retains most of the MP gene sequence, which is
not translated, including the complete origin of assembly
(OA) (nts 5444–5518) (Zimmern, 1977), which allows
encapsidation. DCla151 was replicated to high levels in
protoplasts by the helper virus S3–28, a TMV derivative
that has a precise deletion of the CP ORF (Dawson et al.,
1988; Fig. 1).
To produce dRNAs that encoded smaller portions of the
MT domain, frameshift mutations were introduced into the
replicase ORF of pTMVDCla151 after 64 (AvafsCla151),
258 (HincfsCla151), and 311 (XbafsCla151) codons (Fig.1A). The predicted translation products from AvafsCla151,
HincfsCla151, and XbafsCla151 also contain the C-terminal
fusion of 11, 10, and 1 non-replicase amino acids,
respectively (Fig. 1A). A dRNA containing a stop codon
at position 75–77 (AvrstopCla151) was created by intro-
ducing an AvrII site (CCTAGG) at nt 73 (Fig. 1A).
To test for dRNA viability and to compare relative levels
of accumulation, tobacco protoplasts were co-inoculated
with in vitro transcripts of helper virus S3–28 and each
dRNA. All dRNAs accumulated in protoplasts, but dRNAs
with less translatable replicase sequence were supported by
S3–28 at lower levels (Fig. 1B, see inset box). dRNAs
encoding two (AvrstopCla151) or 64 (AvafsCla151) repli-
case amino acids were supported by S3–28 at the lowest
levels (Fig. 1B). Compared to DCla151, XbafsCla151 and
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levels (Fig. 1B, see inset box), although accumulation of
each of these dRNAs was similar to or exceeded the levels
of S3–28 genomic (+)RNA accumulation.
Differential cell-to-cell movement of dRNAs
To determine whether the various DCla151 derivatives
could move cell to cell, individual N. benthamiana plants
were co-inoculated with each dRNA plus S3–28. Total
RNA was extracted from inoculated leaves 7–10 days p.i.
and analyzed by Northern blot hybridization. To determine
if Northern blots were sensitive enough to detect RNAs
accumulating only in the initially infected leaf cells, control
protoplasts and plants were inoculated with the movement-
defective TMV vector 30B-GFPC3/TE1 (Rabindran et al.,
2005). 30B-GFPC3/TE1 accumulated similarly to S3–28 in
protoplasts but was generally below the threshold of
detection in N. benthamiana, although single cells fluoresc-
ing due to GFP expression were observed (data not shown).Fig. 2. Cell-to-cell movement of TMV dRNAs in inoculated leaves of N. bentham
lysate of protoplasts infected with helper virus S3–28 alone (A), or in combinati
lower epidermis of inoculated leaf portions was removed before blotting the tissu
incubation with alkaline-phosphatase-labeled anti-rabbit antibodies, and develope
photographed using a stereomicroscope (Leica Wild M3Z). Scale bar = 1 mm.(+)RNA of dRNAs HincfsCla151, XbafsCla151, and
DCla151 accumulated to levels equal to or higher than the
levels of helper virus (+)RNA in most co-inoculated N.
benthamiana plants (Figs. 1C and D), suggesting that, like
the helper virus, these dRNAs moved beyond initially
infected cells.
In contrast, AvrstopCla151 accumulated to a low level in
a one plant (Fig. 1C) but did not accumulate to detectable
levels in 13 plants (data not shown). AvafsCla151 accumu-
lated to low levels in four plants but did not accumulate to
detectable levels in three plants, suggesting that these two
dRNAs moved poorly, if at all, and thus levels of RNA
accumulation were close to or below the threshold of
detection in Northern blots. The ability to detect dRNAs
from plants by Northern blot hybridization, but our inability
to detect the movement-defective 30B-GFPC3/TE1, sup-
ported movement of dRNAs.
Immunotissue blotting was used to visualize the extent of
cell-to-cell movement of dRNAs within the inoculated
leaves. The antiserum used was directed against the CP,iana. The lower surface of fully expanded leaves was inoculated with the
on with AvafsCla151 (B), HincfsCla151 (C and D), or DHinc151 (E). The
e onto nitrocellulose. Blots were probed with anti-CP antisera, followed by
d with BCIP/NBT substrate as described (Knapp et al., 1995). Blots were
Fig. 3. Detection of dRNA-encoded HSV-tagged truncated replicase
proteins. (A) Genome organization of dRNAs and their derivatives
containing HSV-tagged replicase sequences. The number of N-terminal
replicase amino acid residues is indicated within the boxes. Solid boxes,
predicted out-of-frame translational fusion; black circle, HSV-tag (Sakai et
al., 1996). (B and C) Accumulation of dRNAs expressing HSV-tagged
replicase sequences in protoplasts. Blots were processed as described in
Fig. 1B for (+)RNA (B) and ()RNA (C) with a riboprobe corresponding
to the TMV 3V-UTR (Lewandowski and Dawson, 1998). Positions of helper
virus S3–28 and dRNA genomic RNAs and MP and CP sg RNAs are
indicated. (D) Accumulation of HSV-tagged replicase protein expressed
from dRNAs. Total proteins extracted 48 h p.i. from protoplasts infected
with S3–28 alone or in combination with DClaHSV151 or DHincHSV151
were separated on 4–20% SDS–PAGE and detected with the ECLWestern
blotting analysis system (Amersham Biosciences). DHincHSV151 contains
33% more sample than DClaHSV151. MW, molecular weight markers;
*HSV-specific fusion proteins.
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the helper virus. Immunotissue blots from S3–28-infected
leaf tissue did not cross-react with the anti-CP antiserum
(Fig. 2A). At 6–8 days p.i., leaves co-inoculated with S3–
28 plus either AvrstopCla151 or AvafsCla151 had fewer
immunoreactive foci (purple signals) as compared to leaves
that were co-inoculated with S3–28 plus HincfsCla151,
XbafsCla151, or DCla151. The diameters of purple infec-
tion foci derived from AvrstopCla151/S3–28 or Avaf-
sCla151/S3–28 co-infections were 0.5–1 mm (Fig. 2B;
data not shown). Similar-sized foci were observed in tissue
blots derived from leaves infected with S3–28 plus
HincfsCla151, XbafsCla151, or DCla151, but these tissue
blots also contained foci that were up to 2 mm wide (Figs.
2C and D; data not shown).
Deletion of sequences encoding the C-terminal half of the
MT domain results in enhanced dRNA cell-to-cell movement
Experiments with DCla151 frameshift derivatives indi-
cated that translation of replicase sequences beyond amino
acid 258 was not required for efficient accumulation. To test
whether RNA sequences beyond this coding region were
required for high levels of accumulation or efficient move-
ment in plants, nts 842 – 1343 were deleted from
pTMVDCla151 (Fig. 1A). The resulting dRNA DHinc151
encodes the N-terminal 258 amino acid residues of the 126-
kDa replicase protein and the C-terminal fusion of 33 non-
viral amino acids identical to those in DCla151. Removal of
nts 842–1343 had a negligible effect on dRNA (+)RNA
accumulation in protoplasts; DHinc151 (+)RNA level was
similar to HincfsCla151, the frameshift derivative containing
nts 842–1343 (Fig. 1B). Surprisingly, DHinc151 accumu-
lated in inoculated leaves of N. benthamiana to levels that
often exceeded the level of accumulation of the helper virus
by two- to three-fold (Figs. 1C and D) and produced infection
foci up to 3 mm wide (Fig. 2E).
The length of some dRNAs has been reported to affect
levels of accumulation (Mawassi et al., 2000; Pogany et
al., 1997). To distinguish whether the shorter length of
DHinc151 or translatability of replicase sequences up to
the HincII site contributed to higher levels of accumu-
lation in protoplasts and better cell-to-cell movement, a
frameshift was inserted into the replicase ORF of
DHinc151 after codon 64. The resulting AvafsHinc151
has a fusion of 11 non-replicase amino acids following
the frameshift, identical to those in AvafsCla151 (Fig.
1A). (+)RNA accumulation of AvafsHinc151 was reduced
relative to DHinc151 (Fig. 1B), the same trend observed
when the replicase ORF in DCla151 was frameshifted
after 64 amino acids (Fig. 1B). These results indicate that
efficient accumulation of DHinc151 in protoplasts was
not due to its smaller length but instead was due to
translatability of replicase sequences up to nt 842.
AvafsHinc151 accumulated to low levels in nine co-
inoculated N. benthamiana plants (Fig. 1E) but did not
Fig. 4. Localization of TMV, DHinc151, or DCla151 within inoculated
leaves of N. benthamiana. Leaf tissue infected with (A) TMV at 3 days
p.i., (B) S3–28 plus DHinc151 at 6 days p.i., and (C) S3–28 plus
DCla151 at 6 days p.i was fixed in 3% glutaraldehyde, post-fixed for 2 h
in 2% osmium tetroxide, dehydrated, and embedded in Durcupan ACM
resin (Ghoshroy and Citovsky, 1998). Thin sections were probed with
anti-CP antisera, followed by anti-rabbit IgG conjugated with 10-nm
colloidal gold. Light micrographs were subjected to silver enhancement
and counterstained with methylene blue. Infected cells are gray. Arrow
indicates localized accumulation of virus aggregates (black). UE, upper
epidermis; PM, palisade mesophyll; SM, spongy mesophyll; LE, lower
epidermis. Scale bar = 100 Am.
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infection foci that were similar in number and diameter to
those of AvrstopCla151 and AvafsCla151 (Fig. 2B; data
not shown), indicating reduced cell-to-cell movement.
DCla151 and DHinc151 express truncated replicase protein
in protoplasts
To detect expression of truncated replicase proteins, an
epitope tag from Herpes simplex virus (HSV) glycoprotein
D (Sakai et al., 1996) was fused to the C-termini of the
truncated replicase proteins encoded by DCla151 and
DHinc151 (Fig. 3A). Accumulation of (+) and ()RNA of
the resultant DClaHSV151 and DHincHSV151 in proto-
plasts was similar to those of DCla151 and DHinc151,
respectively, indicating that the HSV-Tag or its coding
sequence had no effect on dRNA replication (Fig. 3).
Accumulation of lower levels of dRNA ()RNA relative to
the helper virus was consistent with results obtained
previously for a variety of TMV dRNAs (Lewandowski
and Dawson, 1998).
Total protein was extracted from protoplasts co-inoculated
with S3–28 plus DClaHSV151 and DHincHSV151 at 24 or
48 h p.i. and analyzed by Western blot analysis. Anti-HSV
antiserum reacted with proteins of¨50 and¨30 kDa, which
was consistent with the sizes of the fusion proteins predicted
for DClaHSV151 and DHincHSV151, respectively. The anti-
HSVantiserum did not react with similar-sized proteins from
mock-inoculated protoplasts, or protoplasts inoculated with
DClaHSV151, DHincHSV151, or S3–28 alone (Fig. 3D;
data not shown).
dRNA movement within specialized cells of N. benthamiana
leaves
The relative size of DHinc151-induced foci detected in
immunotissue blots suggested that cell-to-cell movement of
DHinc151 was superior to that of DCla151. To investigate
this at the cellular level, we monitored DCla151 and
DHinc151 cell-to-cell movement from the initial infection
site into specialized cell types. Infected tissue from N.
benthamiana leaves co-inoculated with S3–28 plus
DCla151 or DHinc151 was harvested at 6–10 days p.i. and
processed for light and electron microscopy. Wild-type
TMV-infected N. benthamiana tissues were processed as
early as 3 days p.i. as a control, because TMV invades N.
benthamiana much faster than S3–28, leading to rapid death
of the host. Thin sections of fixed and embedded tissues were
probed with anti-CP antiserum. TMV accumulation was
detected in the upper epidermis and the underlying palisade
mesophyll cell layer. In some of the sections, TMV
uniformly spread into the spongy mesophyll and the under-
lying lower epidermis, whereas in others TMV had
progressed into the spongy mesophyll cell layer but did
not yet reach the lower epidermis (Fig. 4A). In contrast, CP
expressed from DCla151 or DHinc151 was detected withinisolated infection foci of, on average, five to six cells. We
analyzed 17 infection foci each to compare cell-to-cell
movement of DHinc151 to DCla151. Approximately 30% of
the DHinc151-derived foci were 2–3 times larger than
DCla151-derived foci. DHinc151 infected all non-vascular
tissue types in these foci (Fig. 4B). In contrast, DCla151
infections were mainly confined to upper epidermis and
palisade mesophyll cells (Fig. 4C). Electron microscopic
analysis of selected sections revealed gold-labeled rod-
E. Knapp et al. / Virology 341 (2005) 47–58 53shaped particles of varying length, suggesting that the CP
encapsidated a mixture of dRNA and helper virus RNAs. We
observed paracrystalline aggregations as well as irregular
distribution of particles within co-infected cells (data not
shown).
Analysis of DHinc151 progeny
To test whether DHinc151 evolved during multiplication
in plants, DHinc151 progeny were amplified by RT-PCR
from total RNA extracted from inoculated leaves of two co-
infected plants at 7 or 11 days p.i. In vitro transcripts from
seven full-length cDNA clones of DHinc151 progeny were
tested for replication in tobacco protoplasts and accumu-
lation in N. benthamiana plants (Table 1). Five of seven of
the progeny dRNAs replicated similar to DHinc151, whereas
two replicated to lower levels. We obtained the complete
DNA sequence for four DHinc151 progeny clones: two that
replicated similar to DHinc151, and two that accumulated to
lower levels than DHinc151. We also obtained partial DNA
sequence for three additional clones that replicated similar to
DHinc151 (Table 1). The sequence of DHinc151 progeny
clones 21 and 32, which replicated and spread similar to
DHinc151, was identical to DHinc151. Of the remaining
partially sequenced clones that had a phenotype similar to
DHinc151, only one silent mutation was found in clone 22
within the non-translated MP sequence.
Clone 25 contained mutations in the replicase ORF that
resulted in amino acid changes both within the truncated
replicase protein and beyond the frameshift (Table 1).
These mutations resulted in reduced accumulation in
protoplasts and reduced cell-to-cell movement relative to
DHinc151. Clone 31 had an A to U substitution and a
CAA deletion within the 5V-untranslated region (UTR) and
a C to U substitution within the 3V-UTR. Progeny dRNA
31 accumulated to lower levels in protoplasts relative toTable 1
Characterization of cloned DHinc151 progeny dRNAs isolated from plants
Planta Clone Region sequencedb Nucleotide changes
A 21 FL nce
A 25 FL 681 A to G
5180 A to G
5196 A to G
5606 A to G
A 27 1–841/5182–5964 nc
B 22 1–841/5182–5659 5555 G to A
B 28 1–841/5182–5707 nc
B 31 FL 3 A to U
D29–31 (CAA)
6271 C to U
B 32 FL nc
a A, 7 days p.i.; B, 10 days p.i.
b FL, full length (1–841/5182–6395), unless noted.
c (+)RNA accumulation in tobacco protoplasts relative to DHinc151; +++, 100
d (+)RNA accumulation in inoculated leaves relative to DHinc15; +++, 100%;
e No changes.
f Silent or outside ORF.DHinc151 and did not detectably accumulate in N.
benthamiana plants.Discussion
Studies on the role(s) of the TMV 126- and 183-kDa
replicase proteins in movement are complicated because
modifications of these proteins often result in loss of
viability of the virus due to disruption of functions
associated with replication and gene expression (Buck,
1996; dos Reis Figueira et al., 2002; Goregaoker et al.,
2001; Lewandowski and Dawson, 2000; Osman and Buck,
2003). One approach to dissect the multiple functions of
126- and 183-kDa proteins is to express a protein or domain
from a separate RNA molecule. Indeed, the normally co-
expressed TMV replicase proteins remained functional
when independently expressed from two separate RNA
molecules. The 183-kDa protein replicated its template
RNA and co-replicated a dRNA expressing the intact 126-
kDa protein in protoplasts (Lewandowski and Dawson,
2000). C-terminally truncating the 126-kDa protein in the
context of a dRNA containing the complete RNA sequence
for the 126-kDa protein ORF, however, was lethal; nor
could these dRNAs be rescued by 126-kDa protein supplied
in trans by wild-type TMV (Lewandowski and Dawson,
2000). In contrast, helper viruses expressing the wild-type
replicase proteins replicated dRNAs with deletions of the
entire HEL and POL domains and portions of the MT
domain to high levels (Chandrika et al., 2000; Lewandowski
and Dawson, 1998; this study). Furthermore, modifications
that either prevented translation of or C-terminally truncated
the MT domain did not abolish replication of dRNAs. Thus,
a system was developed that provides a unique opportunity
to study cell-to-cell movement of dRNA molecules that
differ in the overall viral replicase sequences that areAmino acid changes Tobacco protoplastsc N. benthamianad
nc +++ +++
I205V ++ ++
T259A
Q264G
NAf
nc +++ +++
NA +++ +++
nc +++ +++
NA + 
NA
NA
nc +++ +++
%; ++, 70%; +, <50%.
++, 70%; , non-detected.
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elucidate further factors involved in trafficking of non-
autonomously replicating RNAs.
The dRNAs analyzed in this study were designed to
encode different lengths of the TMV replicase protein and
were constructed by introducing minor changes to the
original dRNA template to maintain potential cis-acting
elements. All dRNAs had identical 3V-proximal sequences.
Expression of 258 amino acids of the replicase protein
was sufficient for efficient accumulation of dRNAs in
protoplasts (Fig. 5). This region of the TMV replicase
proteins encompasses most of the core MT domain
defined by Rozanov et al. (1992), but only ¨50% of the
MT domain as defined by Pfam (Bateman et al., 2004),
which includes a greater number of viral MT sequences.
Sequences from amino acids 259 to 425 only slightly
increased the dRNA molar accumulation level in proto-
plasts (Fig. 5). However, taking into consideration that
DCla151 is approximately 25% longer than DHinc151, the
total amount of DCla151 RNA exceeds DHinc151 RNAs
by at least one-third. Although dRNAs that encoded two
or 64 amino acids of the replicase protein accumulated to
lower levels in protoplasts, their viability permitted
comparison to the more efficiently replicated dRNAs
expressing additional replicase protein sequences on
dRNA movement in N. benthamiana.
Hirashima and Watanabe (2001) demonstrated that a full-
length TMV hybrid containing HEL sequences from theFig. 5. Schematic diagram of the TMV 126/183-kDa proteins and the
truncated replicase proteins expressed from TMV dRNAs. (A) Functional
domains of the TMV 126/183-kDa proteins. MT, methyl transferase; HEL,
helicase; and POL, polymerase domains are indicated. MT domain
coordinates taken from PF01660 (Pfam database); NLS, nuclear local-
ization signal (dos Reis Figueira et al., 2002); RNA-binding domains from
Tomato mosaic virus (Osman and Buck, 2003) are indicated. (B) Schematic
diagram of the truncated replicase proteins expressed from DCla151 and
DHinc151 and proposed functions based on replication and movement
phenotypes.closely related Rakkyo strain of TMV (amino acids 762–
1088) failed to move cell to cell in tobacco. Substituting
additional Rakkyo sequences encoding replicase amino
acids 248–762 (non-conserved region) into the original
movement-defective hybrid restored cell-to-cell movement
(Hirashima and Watanabe, 2003). Hirashima and Watanabe
(2003) also characterized second-site revertants of the
original movement-defective hybrid that were mapped to
the non-conserved region and/or HEL domain. Together,
these results suggest there is an interaction between the
HEL domain and replicase sequences between amino acids
248–762 that is required for cell-to-cell movement.
This study showed that efficient cell-to-cell movement
of dRNAs in N. benthamiana required expression of the
N-terminal 258 amino acids of the TMV replicase
protein (Fig. 5). Consistent with a cis-preferential model
for TMV replication, nascent dRNA-encoded protein
might bind to the dRNA in cis thus facilitating
intracellular movement of the dRNA. dRNAs expressing
up to 64 replicase amino acids accumulated to low levels
and had inefficient or no detectable cell-to-cell move-
ment. Failure of these dRNAs to move cell to cell
despite the presence of helper virus-supplied 126- and
183-kDa proteins is consistent with a requirement for
dRNA-derived expression of replicase sequences in cis
for cell-to-cell movement.
DCla151 accumulated to the highest levels in proto-
plasts but moved less efficiently than DHinc151. These
results suggested that replicase sequences between amino
acids 259 and 425 contributed to higher levels of
accumulation in protoplasts but also hindered movement
of DCla151. It is noteworthy that the majority of second-
site amino acid changes that restored cell-to-cell move-
ment of the TMV-U1/Rakkyo chimeras are between
amino acids 248 and 538 (Hirashima and Watanabe,
2003). Mutations that affect symptomatology have been
mapped to this region suggesting a possible interaction
with host factors (Bao et al., 1996; Lewandowski and
Dawson, 1993; Shintaku et al., 1996). Together, these
data suggest that modification or disruption of these
potential interactions permits effective cell-to-cell move-
ment of helper-dependent dRNAs.
Osman and Buck (2003) mapped an RNA-binding
domain to amino acids 314–423 of the replicase proteins
of the closely related Tomato mosaic virus (ToMV).
Replicase amino acids 314–423 alone, or in the context
of additional contiguous replicase protein sequences are
capable of binding to the ToMV 3V-UTR in vitro (Osman
and Buck, 2003). Additionally, certain point mutations
within this region abolished ToMV replication in tomato
protoplasts (Osman and Buck, 2003). DCla151, but not
DHinc151, encodes the homologous RNA-binding region of
the TMV replicase (Fig. 5). It is tempting to speculate that
the replicase sequences expressed from DCla151 might have
RNA-binding activity in vivo. Such an RNA–protein
interaction may be a contributing factor for efficient
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non-productive and inhibit movement of the dRNA template
between certain cell types.
To assay for dRNA cell-to-cell movement, we used the
dRNA-encoded CP, as this gene product was unique to the
dRNA. The location and relative strength of the CP-derived
signals indicated that DCla151 accumulated to high levels
within epidermal and palisade mesophyll cells but failed to
move efficiently into adjacent spongy mesophyll cells,
suggesting that this interface was a specific boundary
preventing DCla151 movement. However, efficient move-
ment of DHinc151 beyond this boundary and into all cell
types indicated that this dRNA either lacks the DCla151
inhibitory regions (e.g., RNA-binding domain) or forms a
favorable interaction with an unknown factor. The Odonto-
glossum ringspot virus (ORSV) replicase restricts viral
movement in Nicotiana sylvestris. A GFP-expressing
ORSV chimera accumulates within a few epidermal cells
but does not pass into the underlying mesophyll tissues
(Rabindran et al., 2005). ATMV mutant with a single amino
acid change within the HEL-like domain induced smaller
than wild-type necrotic lesions in tobacco and failed to
move long distances in N. benthamiana (Goregaoker et al.,
2001). Together, these examples suggest that the involve-
ment of replicase proteins in cell-to-cell movement includes
tissue specificity.
In addition to their role as determinants of host range,
which in some cases is due to a host-dependent defect in cell-
to-cell movement (Atabekov et al., 1999), the viral replicase
proteins have been implicated in long-distance movement
(Derrick et al., 1997; Goregaoker et al., 2001; Nelson et al.,
1993; Traynor et al., 1991). Hybrid viruses with heterologous
combinations of replicase, MP, and CP accumulate within
inoculated leaves but fail to move long distances (Atabekov
et al., 1999; Deom et al., 1997; Hilf and Dawson, 1993).
Whether failure to move long distances is based on a
reduction in cell-to-cell movement or the inability to over-
come specific vascular barrier(s) remains to be shown. We
showed that certain truncated replicase proteins determined
movement across specific tissue boundaries and thus might
determine whether TMV dRNAs move beyond the inocu-
lated leaves (E. Knapp et al., unpublished data). Bipartite
TMV genomes separating the 126- and 183-kDa proteins
(Lewandowski and Dawson, 2000) and the system described
here are powerful new approaches to dissect further the role
of tobamovirus replicase domains in movement. Not only has
this system proved useful to define requirements for dRNA
accumulation and movement, it has broader applications.
Promising results from the dRNAs studies (e.g., specific
mutations that affect replication and/or movement; identi-
fication of sequences that inhibit or enhance movement) can
be swapped from the dRNA into both viral replicase protein
ORFs (wild-type TMV) or singly into the 126- and 183-kDa
protein ORFs (bipartite TMV genome; Lewandowski and
Dawson, 2000) and tested for function on the full-length
proteins.Materials and methods
Plasmid DNA
All constructs were built using standard recombinant
DNA techniques (Ausubel et al., 1987) and were derived
from an infectious wild-type TMV cDNA clone (Dawson
et al., 1986). pT7S3–28 has been described (Lewandowski
and Dawson, 1998). 30B-GFPC3/TE1 contains a frame-
shift in the MP ORF after nine amino acid residues (nt
4930) (Rabindran et al., 2005; Shivprasad et al., 1999).
pTMV151 is a full-length TMV clone that contains a
SalI site at position 5179 (S. N. Chapman, unpublished
data). To create pTMVDCla151, pTMV151 was digested
with SalI, end-filled with T4 DNA polymerase, subse-
quently digested with KpnI, and the resulting 1.2-kb
fragment was ligated into pTMVDCla (Lewandowski and
Dawson, 1998) that was digested with ClaI, end-filled with
T4 DNA polymerase, and digested with KpnI. pTMVAva-
fsCla151 and pTMVXbafsCla151 are derivatives of
pTMVDCla151 that contain frameshift mutations within
the MT domain after 64 and 311 codons, respectively.
pTMV183fs64 and pTMV183fs312 (Lewandowski and
Dawson, 2000) were digested with ClaI and ligated to
create pTMVAvafsCla and pTMVXbafsCla. Subsequently,
pTMVAvafsCla151 and pTMVXbafsCla151 were built in
an analogous fashion to that described for pTMVDCla151.
pTMVHincfsCla151 was built using a mutagenic primer
(5V-GGAGACAAGTCGACACTTTTCTTTTG; TMV nts
831–856) that introduced a SalI site (underlined) due to a
T to C mutation (bold) and an A insertion (italics) after nt
844. A DNA fragment from nt 831 to the 3V end of
pTMVDCla151 was amplified, digested with HincII and
inserted into HincII-digested pTMV151. pTMVAvrstop-
Cla151 contains a stop codon at position 75–78 that was
introduced from pTMVAvrstopDCla, a derivative of
pTMVDCla (Lewandowski and Dawson, 1998), which
contains an AvrII site at position 73 created by replacing
nt 74 with CTAGG (Grdzelishvili and Lewandowski,
unpublished). Digestion with AvrII, cutting back with
Klenow, and ligating pTMVAvrstopDCla restore the reading
frame. pTMVAvrstopCla151 was built by ligating the XbaI/
BsiWI fragment from pTMVDCla151 into similarly
digested pTMVAvrstopDCla.
pTMVDCla151 and pTMVAvafsCla151 were digested
with HincII and ligated to create pTMVDHinc151 and
pTMVAvafsHinc151, respectively. To detect their expres-
sion, an epitope tag was fused to the C-termini of the
truncated replicase proteins expressed by DCla151 and
DHinc151. pDTMVCla151 was amplified with PCR using
primer Sal-HSV (5V-ATGCGTCGACACAGCCTGAACT-
CGCTCCAGAGGATCCGGAAGATTAAAAAAGGATG-
GAAAGAGCCGAC), which encodes an 11 amino acid
epitope (underlined) of Herpes simplex virus (HSV) (Sakai
et al., 1996) and contains a SalI/HincII site (bold) and M28
(Grdzelishvili et al., 2000), containing a KpnI site and the
E. Knapp et al. / Virology 341 (2005) 47–5856complement of TMV nts 6381–6395. SalI/DraIII- and
HincII/DraIII-digested PCR product was ligated into
similarly digested pTMVDCla150 (Knapp et al., 2001) to
create pTMVDClaHSV151 and pTMVDHincHSV151,
respectively.
In vitro transcription and inoculation of protoplasts and
plants
In vitro transcripts of KpnI-linearized plasmid DNAwere
electroporated into N. tabacum cv. Xanthi suspension cells
as previously described (Knapp et al., 2001; Lewandowski
and Dawson, 1998), except that protoplasts were inoculated
with the products of a 25-Al transcription reaction of S3–28
alone or in combination with the products of a 25-Al
transcription reaction of a dRNA. Protoplasts for plant
inoculations were harvested 1–2 days post-inoculation
(p.i.). Pellets containing 1  106 cells each were disrupted
in 30 ml 25 mM sodium phosphate, pH 7.0, and mixed with
an equal volume of inoculation buffer (Dawson et al., 1986).
The lysate was used to inoculate a single leaf of one N.
benthamiana plant. The upper leaf surface was inoculated
unless the leaves were used for immunotissue blotting,
when the lower surface was inoculated. Plants were
maintained in a growth room as described (Lewandowski
and Dawson, 2000).
Analysis of viral RNA
Extraction of total RNA from protoplasts and Northern
blot analysis with TMV-specific probes were as described
(Lewandowski and Dawson, 2000). Entire inoculated leaves
of N. benthamiana were harvested at 7–10 days p.i. and
total RNA was extracted and analyzed by Northern blot
analysis (Knapp et al., 2001).
Cloning of DHinc151 dRNA progeny from infected plants
Total RNA extracted from inoculated leaves of two
S3–28/DHinc151-infected N. benthamiana plants at seven
or 11 days p.i. was used to clone DHinc151 progeny. RT-
PCR products were amplified using the Titan one tube RT-
PCR system (Boehringer Mannheim, Germany) as
described (Knapp et al., 2001) using a primer containing
a KasI site, T7 promoter sequence, and TMV nts 1–26
and M28. RT-PCR products were fractionated on 1%
agarose gels and a band corresponding to full-length
dRNA product was excised, purified, and ligated into
pGEM-T-Easy (Promega). Protoplasts and plants were
inoculated with the DHinc151 progeny as described above.
Detection of epitope-tagged truncated replicase proteins
Protoplasts infected withDHincHSV151 or DClaHSV151
were harvested at 24 or 48 h p.i. and pellets containing ca.
1  106 protoplasts were mixed with an equal volume of 2sample buffer (Laemmli, 1977) plus 1% Triton X-100 and
incubated for 30 min. Samples were boiled for 10 min,
centrifuged at 14,000 rpm, and one-fourth of the supernatant
was separated on 4–20% SDS–PAGE gels (Bio-Rad
Laboratories, Hercules, CA) and blotted to nitrocellulose.
Polyclonal antisera against the HSVepitope (Sigma-Aldrich,
St. Louis, MO) was diluted 1:320. Chemiluminescent
detection used the ECL Western blotting analysis system
according to the supplier’s instructions (Amersham Bio-
sciences, Piscataway, NJ).
Immunotissue blotting
Immunotissue blotting was conducted essentially as
described (Knapp et al., 1995). Briefly, randomly selected
sections of the lower epidermis of inoculated leaves of N.
benthamiana were peeled off and the tissue gently pressed
onto a nitrocellulose membrane (MSI, Westboro, MA).
Polyclonal anti-TMVCP antiserum (kindly provided by
James Culver, University of Maryland Biotechnology
Institute) was cross-absorbed with an extract prepared from
healthy N. benthamiana leaf tissue and subsequently used at
a 1:100 dilution. Mouse anti-rabbit alkaline-phosphatase-
conjugated secondary antibody (Sigma-Aldrich) was used at
a dilution of 1:5000. Blocking, incubation, washes, and
chromogenic reaction were as described (Knapp et al.,
1995).
Immunohistochemistry
Randomly selected pieces of leaf tissue ca. 4 3mmwere
excised from co-inoculated N. benthamiana leaves at 6–10
days p.i. and fixed for 4 h in 3% glutaraldehyde, 0.1 M
potassium phosphate buffer (pH 7.2) at room temperature.
The samples were washed twice in phosphate buffer for 5 min
and post-fixed for 2 h in 2% osmium tetroxide. Samples were
dehydrated prior to embedding in Durcupan ACM resin
(Ghoshroy and Citovsky, 1998) following the supplier’s
instructions (Electron Microscopy Sciences, Hatfield, PA).
Thin (100 Am) sections were blocked in 1 PBS containing
5% bovine serum albumin and 1% Tween 20 for 1 h, then
incubated overnight with anti-CP antiserum diluted 1:50.
After three washes in blocking buffer for 15 min each, the
samples were incubated for 3 h with anti-rabbit IgG labeled
with 10-nm colloidal gold (Sigma-Aldrich) at a dilution of
1:25. Following three washes each in 1 PBS plus 1%Tween
20 and distilled water, the gold label was silver enhanced
using the AURION R-Gent SE-EM system (Electron Micro-
scopy Sciences). Finally, the micrographs were counter-
stained with 10% methylene blue and analyzed with a
transmission light microscope (Leica, Exton, PA).
Electron microscopy
Ultrathin (100 nm) sections of fixed and embedded tissue
(see above) were collected on formvar-coated nickel grids.
E. Knapp et al. / Virology 341 (2005) 47–58 57Sections were immunolabeled as described above followed
by subsequent uranyl acetate and lead citrate staining
(Ghoshroy and Citovsky, 1998). Electron micrographs were
viewed with a Morgagni 268 transmission electron micro-
scope (FEI Company, Hillsboro, OR).Acknowledgments
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